Species discovery and identification has long relied on traditional morphometric analyses, although molecular methods for species delimitation are becoming increasing popular and important. Despite an increase in studies that rely solely on molecular data to differentiate between species, additional evidence that supports genealogically-based species delimitation is desirable at least for field and museum identification of species and is part of an integrative approach to taxonomy. The present study uses geometric morphometric (GM) analyses to examine six species of milksnake (genus Lampropeltis) that have recently been delimited based on multilocus data in a coalescent framework. Landmarks are plotted onto the dorsal view of 487 specimens and canonical variate analysis (CVA) is used to determine whether the differences in head shape of these six species can be used to correctly classify specimens. For five of the six species, CVA accurately classifies individuals >70% of the time. The present study illustrates that, although GM-based analyses may not correctly differentiate between species 100% of the time, GM methods can be useful for detecting shape differences between species and help to corroborate species delimitation. Morphological analyses have long been the standard for the discovery and description of species. For many species, morphological characters provide information pertaining to taxonomic identity and evolutionary relationships among taxa. However, for some species, the number of morphological characters may be limited or may not be useful with respect to phylogenetic inference; relying solely on morphology to define species has long been recognized as problematic (Mayr, 1942). In particular, within species complexes or among cryptic and pseudocryptic taxa (Saez & Lozano, 2005), molecular methods are often used to disentangle phylogeny (Bickford et al., 2007). That does not mean morphology is unable to provide additional insights but, for taxa that have a limited number of informative or discretely different characters or have elevated intraspecific variation, traditional morphological methods may not be able to detect differences and alternative approaches are necessary. One such approach is geometric morphometrics (GM), which comprises a collection of shape-analysis techniques that assess the relative spatial distribution of a set of predetermined landmarks, such as points where the sutures of a skull come into contact with one another; the resulting set of coordinates represent a shape that is scaled to be independent of size and is typically analyzed using multivariate statistics (Zelditch, Swiderski & Sheets, 2012). These GM methods have been used to describe variation in many taxonomic groups, including turtles (Claude et al., 2003), lizards (Stayton, 2005; Kaliontzopoulou, Carretero & Llorente, 2007; Leaché et al., 2009), and mammals (Cardini et al., 2009). Geometric morphometric-based analyses have recently increased in popularity for herpetological studies specifically, with studies using GM methods to examine 1 differences related to sexual dimoprhism, allometry, and taxonomy (Kaliontzopoulou, 2011). A GM approach has also been found to be more powerful compared to traditional morphological analyses based on linear mensural data for discriminating between species and populations of 'morphologically ambiguous' taxa (e.g. moths: Mutanen & Pretorius, 2007; bats: Evin et al., 2008; cichlids: Maderbacher et al., 2008).
Morphological analyses have long been the standard for the discovery and description of species. For many species, morphological characters provide information pertaining to taxonomic identity and evolutionary relationships among taxa. However, for some species, the number of morphological characters may be limited or may not be useful with respect to phylogenetic inference; relying solely on morphology to define species has long been recognized as problematic (Mayr, 1942) . In particular, within species complexes or among cryptic and pseudocryptic taxa (Saez & Lozano, 2005) , molecular methods are often used to disentangle phylogeny (Bickford et al., 2007) . That does not mean morphology is unable to provide additional insights but, for taxa that have a limited number of informative or discretely different characters or have elevated intraspecific variation, traditional morphological methods may not be able to detect differences and alternative approaches are necessary. One such approach is geometric morphometrics (GM), which comprises a collection of shape-analysis techniques that assess the relative spatial distribution of a set of predetermined landmarks, such as points where the sutures of a skull come into contact with one another; the resulting set of coordinates represent a shape that is scaled to be independent of size and is typically analyzed using multivariate statistics (Zelditch, Swiderski & Sheets, 2012) . These GM methods have been used to describe variation in many taxonomic groups, including turtles (Claude et al., 2003) , lizards (Stayton, 2005; Kaliontzopoulou, Carretero & Llorente, 2007; Leaché et al., 2009) , and mammals (Cardini et al., 2009) . Geometric morphometric-based analyses have recently increased in popularity for herpetological studies specifically, with studies using GM methods to examine differences related to sexual dimoprhism, allometry, and taxonomy (Kaliontzopoulou, 2011) . A GM approach has also been found to be more powerful compared to traditional morphological analyses based on linear mensural data for discriminating between species and populations of 'morphologically ambiguous' taxa (e.g. moths: Mutanen & Pretorius, 2007; bats: Evin et al., 2008; cichlids: Maderbacher et al., 2008) .
Snakes have a limited number of categorical morphological traits as a result of their lack of appendages and generalized elongate body form. Accordingly, GM could be useful for capturing shape variation with respect to head shape, which, for snakes, may be closely tied with feeding ecology (Lillywhite & Henderson, 1993; Shine et al., 2002; Vincent, Herrel & Irschik, 2004) . Additionally, there are already a few GMbased studies that have identified significant differences in head shape between sexes and subspecies of snake (Vincent et al., 2004; Gentilli et al., 2009) , although studies on snakes using GM are rare (Kaliontzopoulou, 2011) . Morphological features that are more commonly used in snake systematics include colour pattern and scale count. Both of these characters may be misleading with respect to taxonomy and evolutionary history. Colour pattern is often found to be variable within species and thus is not a reliable indicator of evolutionary relationships (Burbrink, Lawson & Slowinski, 2000) , whereas scale counts can be influenced by both biotic (e.g. diet; Fabien et al., 2004) and abiotic (e.g. temperature; Fox, 1948) factors throughout the range of a species. This lack of suitable characters is also confounded by the many species of snakes containing cryptic diversity, as revealed by the number of phylogeographical studies demonstrating the existence of numerous independently evolving lineages within wide-ranging taxa (e.g. Agkistrodon contortrix: Guiher & Burbrink, 2008; Lampropeltis pyromelana: Burbrink et al., 2011; Lampropeltis triangulum: Ruane et al., 2014) . Not only have phylogeographical studies uncovered this previously unknown diversity, but also new multilocus coalescent-based methods are able to further delineate between these lineages as distinct species (e.g. L. pyromelana: Burbrink et al., 2011; L. triangulum: Ruane et al., 2014; Lampropeltis zonata: Myers et al., 2013) , although there has been some contention regarding classification based solely on DNA (Bauer et al., 2011) . Molecular data alone are sufficient evidence of speciation under the general species concept (De Queiroz, 2007) . Nevertheless, determining whether there are identifiable morphological features inherent to a species is desirable and may provide additional information with respect to ecological factors, such as diet (Lillywhite & Henderson, 1993; Shine et al., 2002; Vincent et al., 2004) . There is a paucity of studies that have used GM to examine shape variation in snakes (Manier, 2004; Vincent et al., 2004; Gentilli et al., 2009) , although GM techniques show promise for adding support to molecular taxonomic hypotheses. A study on European vipers found that subspecies that were distinct clades based on a molecular phylogeny were also distinct morphologically (Gentilli et al., 2009) .
Geometric morphometrics may be particularly useful for groups or complexes where morphology has been misleading. One such group comprises the milksnakes (genus Lampropeltis).Until recently, milksnakes have been been considered a single taxon (formerly L. triangulum; Lacépède, 1788) with 25 subspecies ranging from south-eastern Canada to Ecuador. These subspecies designations were based almost entirely on colour pattern (Williams, 1988) . Colour patterns within the former milksnake subspecies are highly variable and not always diagnostic if locality information is unavailable for an individual (Williams, 1988) . Subsequent molecular studies using multiple loci and a variety of methods have shown that milksnakes from different geographical locations are not monophyletic within Lampropeltis (Bryson et al., 2007; Pyron & Burbrink, 2009a; Ruane et al., 2014) . The most recent molecular study on milksnakes (Ruane et al., 2014) , which defined species using the general lineage species concept (De Queiroz, 2007) and is followed in the present study, determined that there are seven species that form three distinct clades within Lampropeltis: these are Lampropeltis abnorma (Bocourt, 1886) (Lacepédè, 1788) . The present study examines six of these taxa that have specimens readily available within a GM framework to determine whether there are distinct head shape differences between the species. Considering the disparity in diet and habitat use among milksnakes (Williams, 1988; Werler & Dixon, 2000; Ernst & Ernst, 2003) , head shape may be a good starting point for determining whether morphological differences exist among these species, as well as potentially providing integrative taxonomic support to the molecular species delimitation for these snakes
MATERIAL AND METHODS

SAMPLES
In the present study, the dorsal view of the head of 487 individuals representing six species of milksnake was photographed ( Fig. 1 ; see also Appendix, Table A1 ). Although seven species have been recently elevated (Ruane et al., 2014) , it was not possible to obtain samples from Mexico that were definitively L. annulata and so this species was excluded. TPSUTIL, version 1.52 (Rohlf, 2012 ; http://life.bio.sunysb.edu/ee/rohlf/software.html) was used to build a tps file from the photographs. The tps format is the standard file format used in GM analyses. This dataset included individuals considered to be juveniles based on minimum adult snout-vent lengths (for details, see below) and so a second series of analyses was run that included only adult snakes to account for potential allometric changes within species (N = 344; see Appendix, Table A1 ). Minimum adult body sizes were obtained from Ernst & Ernst (2003) for L. elapsoides, L. gentilis, and L. triangulum. For L. abnorma, L. micropholis, and L. polyzona, specific information regarding minimum mature size was unavailable and thus the minimum mature size for L. annulata was used for these three taxa because L. annulata is comparable in adult body size (Williams, 1988) . The smallest sexually mature size for any subspecies that has been synonymized by the species elevation of Ruane et al. (2014) was used as the minimum size for each species. Individuals were assigned to species sensu Ruane et al. (2014) , based on locality information and visual examination.
GEOMETRIC MORPHOMETRIC ANALYSES
TPSDIG2, version 2.16 (Rohlf, 2010; http:// life.bio.sunysb.edu/ee/rohlf/software.html) was used to digitize 11 landmarks comprising the junctions of scales on the dorsal view of the head for each snake (Fig. 2A) ; landmarks were taken on the left-side of the head only to avoid unnecessary replication (pseudoreplication) of the same landmarks on each side. These landmarks were chosen because they were clear on all specimens and have been found to be useful in detecting shape differences between snake taxa (S. Green, per. comm.; Manier, 2004) (Fig. 2A) and may correspond to differences in ecology (Lillywhite & Henderson, 1993; Shine et al., 2002; Vincent et al., 2004) . Statistical analyses were conducted in the IMP software package (http:// www.3.canisius.edu/sheets/morphsoft) for GM. First, a Procrustes alignment was conducted in COORDGEN6F (Zelditch et al., 2012) to remove the differences in location and orientation from the photographs of each specimen. A canonical variates analysis (CVA) was then used in CVAGEN6J (Zelditch et al., 2012) with an assignment test to determine whether individuals could be correctly classified to their pre-assigned species. The CVA determines the set of CV axes in the dataset at P = 0.05 that maximize the variation among the pre-determined groups (species); significant axes indicate that at least one group can be distinguished along that CV, although it does not explicitly identify the specific group(s) (Webster & Sheets, 2010) . Simultaneously, it calculates a canonical variate score for each individual in the dataset, which can plotted along the CV axes to visualize the differences among all individuals in multidimensional space (Webster & Sheets, 2010) . The assignment test is a distancebased method that then determines the probability that an individual has a mean canonical variate score closer to the species to which it was assigned than to any other species. To cross-validate the results, a jackknife consisting of 1000 replicates with 20% of samples considered as 'unknown' was conducted, also in COORDGEN. A Wilcoxon signed rank test was performed in the software package STATISTICA, version 6 (StatSoft, Inc.) to determine whether the CVA results were significantly different between the dataset including all specimens versus the dataset of only adult specimens. In addition, a Procrustes consensus alignment of all adult specimens was generated ( Fig. 2B ) in TPSSUPER, version 1.14 (Rohlf, 2004; http://life.bio.sunysb.edu/ee/rohlf/software.html) and then TPSSPLIN (Rohlf, 2004 ; available http:// life.bio.sunysb.edu/ee/rohlf/software.html) was used to generate a thin-plate spline deformation for a representative of each species in to help visualize how the head shape varied among the six species. A Spearman rank correlation, also performed in STATISTICA, between species age (sensu Ruane et al., 2014) and the bending-energies from the thin-plate splines was conducted to determine whether there was a relationship between species age and the degree of morphological differentiation of species. Thin-plate spline bending energies are based on how much energy it takes to deform a thin metal plate from the Procrustes consensus alignment of landmarks to the landmark positions of a particular species (Bookstein, 1989) . 
RESULTS
The CVA detected four significant canonical variate axes for the dataset of all specimens, meaning that at least one species differed significantly from the others along each axis (Fig. 3 , Table 1 ) but assignment tests were not considered robust for any species when using the entire dataset, with all species having classification rates < 90% (Tabachnick & Fidell, 2001 ). Moving in a positive direction, the first axis mainly represents a shift to a longer head shape (landmarks 10 and 11 shifting more posteriorly relative to other landmarks), the second axis represents a shift to a shorter snout (landmarks 1 and 2 moving towards each other), the third axis represents a shift to a general shortening of the head (almost all landmarks moving closer together towards the centre of the head, e.g. landmarks 2 and 3 moving posteriorly, whereas 11 moves anteriorly), and the fourth axis represents a shift of landmarks 2, 3, 10, and 11 anteriorly. The assignment test from CVAGen identified L. polyzona correctly less often than any other species (56.6%) (Table 2), whereas L. elapsoides was correctly identified most frequently (87.5%) ( Table 2) . Generally, most misidentifications were individuals of L. triangulum and L. polyzona being assigned to the wrong species (Table 3) . The jackknife sampling found that 'unknown' specimens could be assigned to the correct species 71.6% of the time, which is a relatively low rate. For the dataset using only adult specimens, the results were similar to the entire dataset and the CVA detected four significant canonical variate axes (Table 1) . Lampropeltis polyzona was also identified correctly least often in the assignment analysis (59.2%) and L. elapsoides, followed closely by L. gentilis, was identified correctly most often and well supported at values > 90% (Tables 2, 3 ). The jackknife sampling results using the adult dataset was slightly better than the entire dataset, with 73.4% of 'unknown' individuals correctly classified to species. The Wilcoxon signed rank test indicated that there were no significant differences between the dataset consisting of all specimens and that of adults only (P > 0.05). However, the adult specimen dataset had a higher mean percentage of correct identifications compared to the dataset of all specimens (78.1% versus 74.9%) and so the adult dataset results are used as the basis of the discussion and the canonical variates plots of only the adult specimens are presented for brevity (Fig. 3) .
Thin-plate spline visualizations illustrate the shape differences between the species (Fig. 4) ; most notably, the thin-plate splines show that L. elapsoides has the smallest relative distances between landmarks, with the smallest eyes of all six species based on landmarks 6 and 7 and an overall narrower head shape (Fig. 4) . By contrast, L. polyzona had a broad head and large eyes relative to the other species. The thinplate splines also show that L. polyzona and L. abnorma have eyes that are positioned closer to their snouts and that they, along with L. micropholis, have a wider and more rounded head based on landmarks 1, 4, 5, 6, 7, and 11 compared to the head shapes of L. triangulum, L. gentilis, and L. elapsoides (Fig. 4) . The head shapes of L. triangulum and L. gentilis were similar and intermediate in overall shape between the wider, rounded heads of L. polyzona, L. abnorma, and L. micropholis and that of the narrow-headed L. elapsoides. Spearman rank correlation showed no significant relationship between species age and thin-plate spline bending energies (P > 0.05).
DISCUSSION
Geometric morphometric techniques have not been frequently used to examine shape variation in snakes, despite the prevalence of GM-based analyses for many other taxonomic groups (e.g. fish: Kerschbaumer & Sturmbauer, 2011; insects: Francoy et al., 2011; primates: Bienvenu et al., 2011) . In the present study, GM generally detects differences in the head shape of milksnakes previously identified using molecular species delimitation, albeit with a relatively low jackknife support value of 73.4% for assigning individuals to the correct species. For the six species examined, the CVA based on the GM alignments correctly classified individual specimens to species approximately 59-91% of the time (Table 2) ; these results are robust for only two species (L. elapsoides and L. gentilis) ( Table 2) because values < 90% are not considered well-supported for classification analyses (Tabachnick & Fidell, 2001) . Analyses based on mature snakes gave more accurate results overall, with a greater percentage of correct classifications in the CVA, perhaps indicating ontogenetic changes with respect to allometry, although no significant difference was found between the dataset using both adults and juveniles and that using only adult specimens.
ACCURACY OF GM AMONG SPECIES
Among the six taxa examined, L. elapsoides and L. gentilis were correctly identified more frequently than any other species (Table 2) and were the only two species classified with high support (> 90%) ( Table 2) . Lampropeltis elapsoides, found in the south-eastern USA, is the most distinct milksnake examined with respect to head shape and consistently forms discrete clusters along the CV axes (Fig. 3) . This species has a relatively narrow snout and a head that is less distinct from the body compared to other milksnake species ( Fig. 1) (Williams, 1988) . Lampropeltis elapsoides is the only species examined that has a semi-fossorial lifestyle and its unique head shape likely reflects this GEOMETRIC MORPHOMETRICS OF MILKSNAKES 5 (Williams, 1988) . In addition, L. elapsoides is a diet specialist that feeds on other squamates and the head shape, specifically with respect to gape, has been shown to be an important factor in diet for snakes (Pyron & Burbrink, 2009b) . The other species identified correctly most often, L. gentilis, is more of a habitat as well as a diet generalist that feeds on both mammals and squamates (Werler & Dixon, 2000; Ernst & Ernst, 2003) . However, the samples of L. gentilis available were limited almost exclusively to Texas, Louisiana, and Kansas (see Appendix, Table A1 ), although the species ranges from Louisiana as far west as Arizona and north to Montana (Ruane et al., 2014) . The distribution of available specimens may have limited the extent of the variation among samples, resulting in less misclassification than the other species with similarly broad ranges (Table 2) . Although there is a paucity of detailed studies on either habitat use or diet for any The number of correctly identified and misidentified individual for each species is shown for both the entire dataset and the dataset consisting of only mature, adult specimens.
milksnake species across their ranges, the results reported here with respect to a generalist (L. gentilis) and a specialist (L. elapsoides) suggest that both types of snake can be correctly classified using GM methods and that these methods may be generally useful for snakes. By contrast to L. elapsoides and L. gentilis, the Mexican species L. polyzona was correctly identified only approximately 59% of the time (Table 2 ). This species has been shown to have large population sizes and the greatest amount of genetic variation compared to the other species examined here (S. Ruane & F. T. Burbrink, unpubl. data). Those two factors may correspond to high levels of morphological variation, making the GM methods used in the present study less useful in identifying L. polyzona specimens. Because sample sizes for L. polyzona were second only to L. triangulum (Appendix), it is unlikely that low sample sizes were a problem in identifying this species. However, it is also possible that there are additional unidentified cryptic taxa within L. polyzona accounting for this variation; intensive sampling within a molecular framework would be beneficial for testing this hypothesis. The three remaining species, L. triangulum, L. abnorma, and L. micropholis, were all correctly identified approximately 75% of the time in the CVA (Table 2) . Lampropeltis triangulum ranges across the eastern USA as far west as Iowa (Ruane et al., 2014) and sampling covered the majority of its range and was extensive with respect to sample sizes (see Appendix, Table A1 ). Therefore, it is likely that much of the morphological variation present among populations was captured and the GM identification rate of approximately 79% is realistic. The Central American L. abnorma and lower Central/northern South American L. micropholis had similar numbers of correctly identified specimens (approximately 73% and approximately 78%, respectively). These two species had the lowest sample sizes, although specimens did cover much of their presumed ranges. Being that sample sizes were lower for these species compared to the others in the dataset, it is difficult to determine whether the identification rates for L. abnorma and L. micropholis are reliable or whether additional samples would increase accuracy or, conversely, introduce more variation into the dataset. Canonical variates analysis works best when the number of samples is high relative to the number of variables (James & McCulloch, 1990; Mitteroecker & Gunz, 2009 ). Interestingly, L. abnorma and L. micropholis are sister species (Ruane et al., 2014) found in similar, tropical rainforest habitat (Williams, 1988; Campbell, 1999; Savage, 2002; Köhler, 2008) and CVA misidentifications were mostly the classification of L. abnorma as L. micropholis and vice versa (Table 3) . Lampropeltis abnorma was also frequently misclassified as L. polyzona, which is the sister taxon to L. abnorma + L. micropholis (Ruane et al., 2014) .
UTILITY OF GM IN SPECIES DELIMITATION
The results of the present study indicate that GM methods are generally useful for detecting head shape variation among milksnakes but may fail when species have high amounts of intraspecific variation. Taxa with morphological shape characters that are highly specialized for certain ecologies or diets (e.g. L. elapsoides) may give the best results in GM analyses, although the generalist L. gentilis also had highly correct classification rates. In cases where GM-based methods do not provide high levels of accuracy for species classification, it has been hypothesized that environmental constraints may limit differentiation of species morphology or that insufficient time has passed to allow significant amounts of morphological divergence (Dobigny, Baylac & Denys, 2002) . Both of these factors could be relevant to milksnakes, particularly with regard to L. abnorma and L. micropholis. As previously stated, these two taxa are found in similar tropical rainforest habitats (Williams, 1988; Campbell, 1999; Savage, 2002; Köhler, 2008) . It is possible that niche is conserved between them, resulting in similar morphology; this has been demonstrated between many sister-taxon pairs (Peterson, 1999) . Another contributing factor to the lack of morphological differentiation may be the amount of et al., 2009) . However, the correlation between species age and deformation from the consensus alignment was not significant, indicating that younger milksnake species do not have greater morphological change than older taxa. In addition, sampling throughout the entire range of a species is necessary to determine how well GM performs. By limiting the distribution of samples to a few populations, much of the intraspecific variation in morphology is lost. Examination of the CVA plots (Fig. 3) shows that many of the species overlap with respect to GM space. Therefore GM may be, at least in the case of milksnakes, better for detecting differences between species post delimitation and would be less useful as an exploratory analysis in differentiating between taxa. Similar conclusions have been reached by previous studies that have used GM, as well as traditional morphometrics, to identify differences between species (Mutanen & Pretorius, 2007) .
CONCLUSIONS
Geometric morphometric techniques have rarely been used for examining snakes, despite their ability to provide insight into shape variation and enhance studies pertaining to ontogeny, phylogeny, and taxonomy (Kaliontzopoulou, 2011) . Although the results of the present study indicate that GM is not 100% accurate in classifying the six milksnake species examined and only two of them are classified with high support (L. elapsoides and L. gentilis) (Table 2) , the results do indicate that the species identified by the molecular delimitation of Ruane et al. (2014) have detectable shape differences. Furthermore, the overall accuracy of species differentiation in the present study is similar to that found in other studies for closely-related taxa (Dobigny et al., 2002; Ludoški et al., 2008) . Geometric morphometric methods have also been found to be more accurate than visual morphological evaluations of species (Mutanen & Pretorius, 2007) and so it is likely that the differences between the six species described in the present study are more reliable than those based on polymorphic traits, such as the degree of mottling on scales, which has been previously used in milksnake taxonomy (Williams, 1988 
